Space-time steering vector mismatch of targets usually happens in the space-time adaptive processing (STAP) technique, causing space-time beam distortion. Due to the effects of clutter spectrum broadening and jamming, performance of the conventional STAP method deteriorates dramatically. This paper proposes a novel robust STAP method to improve the performance of clutter suppression and moving target detection. The proposed method employs the alternating projection and clutter cancellation method, to reconstruct the clutter plus jamming plus noise covariance matrix (CJNCM) and re-estimate the target steering vector. Firstly, reconstruction of CJNCM consists of summing the eigenvectors of the projection operator, combining the sample covariance matrix and the integral covariance matrix (ICM) of specific region. Secondly, the re-estimated target steering vector is obtained by estimating the dominant eigenvector of the ICM of the Region of Interest (ROI), which contains the target signal purely because CJNCM is cancelled before estimation. Finally, the robust space-time adaptive filtering weight vector is calculated through the MVDR method with the reconstructed CJNCM and the re-estimated target steering vector. Simulation results indicate that the proposed algorithm shows robust performance against space-time steering vector mismatch, better output signal-to-noise ratio performance and better moving target detection performance than the traditional robust STAP method.
I. INTRODUCTION
Airborne radars have become important surveillance systems for military battlefields. However, airborne radars often require down-sight work, such as facing the strong ground clutter, whose space-time coupling feature seriously affects moving target detection performance. Space-Time Adaptive Processing (STAP) technology enables the improvement of detection performance [13] .
STAP technique constructs the space-time two-dimensional adaptive filtering by spatial domain degree of freedom provided by the array antennas, and time domain degree of freedom by the coherent pulses [13] , [18] . In traditional STAP processors, the Clutter Covariance Matrix (CCM) is unknown but can be estimated by sufficient training samples which are extracted from distance cells adjacent to the Cell under The associate editor coordinating the review of this manuscript and approving it for publication was Lin Wang . Test (CUT). STAP has advantageous performance on clutter suppression and moving target detection when the training samples meet the Independent Identity Distribution (IID) condition and the target parameters (angle and Doppler frequency) are accurate. However, in the actual environment, training samples contaminated by the target signal will cause target signal cancellation and nonhomogeneous clutter will result in inaccurate estimates of clutter covariance (i.e. clutter covariance errors) [2] . In addition, the minor error of estimated angle, Doppler frequency, amplitude and phase of elements will result in target steering vector error [1] , [3] . Furthermore, the CCM error and the target steering vector error that present in the actual environment dramatically reduce the performance of STAP. On the other hand, the internal motion of the clutter widens the clutter space-time spectrum. For example, wind, plants, and clouds can generate unstable echoes with Doppler bandwidth, and the clutter spectrum broadening will drastically worsen the performance of STAP [12] .
To overcome the problem that performance of the adaptive beamforming algorithm is extremely sensitive to array mismatch, a variety of robust adaptive beamforming (RAB) methods [5] , [7] - [9] , [15] , [16] , [23] , [24] have been proposed. Diagonal loading (DL) improves the robustness by adding a product term of the diagonal loading factor and the unit matrix in the sample covariance matrix (SCM) [9] , [23] . However, calculation of the optimal diagonal loading factor is still inconclusive. The RAB algorithm based on feature space projection projects the assumed steering vector into the SCM signal-interference subspace, effectively reducing the adverse effects caused by the noise subspace disturbance [16] . At low input signal-to-noise ratio (SNR), SCM exhibits signal subspace collapse with high probability. The RCB algorithm was proposed to get better beamforming performance for a given SCM and imprecisely presumed signal steering vector [15] . An MVDR RAB technique was proposed to locate the steering vector [8] . However, due to the presence of target signals in the training snapshots, performance of this RAB method severely degrades as the input SNR increases. The methods based on interference plus noise covariance matrix reconstruction and steering vector estimation have been proposed to integrate the Capon spectral estimator on the region separated from the desired signal region and remove the target signal from the training snapshots [5] , [7] , [24] . They improve RAB performance under high input SNR.
After the pre-estimation of radar searching target, which is not precise, the target information needs to be accurately estimated. Robust STAP is an important step before accurate estimation, which is capable of resisting angle mismatch and Doppler mismatch in the space-time domain. The deterministic STAP technique in [3] is robust to the target self-cancellation effect and low side lobes. A colored loading STAP method based on iterative optimization was proposed and it is robust to different variations in real scenarios [26] . A novel robust linearly constrained minimum variance (LCMV) beamforming method was proposed in [20] . A robust adaptive beamforming approach was proposed for the STAP radar to enhance fast-moving target detection performance [19] . A robust STAP method by an accurate steering vector estimator was proposed to solve the target steering vector mismatch problem [10] . In the actual environment, however, when signal parameters are inaccurate, the enhancement of range resolution of the radar system may result in the increase of the number of STAP training samples contaminated by target signal, and the occurence of target signal cancellation. To overcome the problem of STAP performance degradation resulting from contaminated training samples, a joint amplitude-phase constrained STAP method has been proposed to guarantee the gain in the direction of the mainlobe and ensure the shape of the STAP mainlobe [22] . A RAB method was applied to reconstruct CJNCM and estimate the steering vector based on integrating Capon spectral estimator [11] . An alternative algorithm was proposed to solve the suppressive jamming suppression problem by projecting the data on the subspace orthogonal to the clutter and jamming subspaces [4] . Moreover, a space-time-range adaptive processing method based on subspace projection was proposed to distinguish the target from the clutter and jamming in the range-angle-Doppler domains [21] . A covariance matrix taper method (CMT) was proposed to deal with the problem of inaccurate null width of the STAP filter due to the nonuniformity of the clutter spectrum [6] .
In this paper, a robust STAP method is proposed to improve the clutter suppression performance in the presence of clutter covariance matrix error, clutter spectrum broadening and target steering vector error in actual environments. The proposed method is developed by utilizing the alternating projection and clutter cancellation technique. It includes the reconstruction of clutter plus jamming plus noise covariance matrix(CJNCM) and the estimation of target space-time steering vector. Reconstruction of CJNCM is accomplished by integrating eigen-vectors obtained by eigen-decomposition of the alternating projection operators. Target signal steering vector is estimated using the clutter cancellation method. We obtain integral covariance matrix (ICM) of the region of interest (ROI) by cancelling CJNCM from sample covariance matrix (SCM). Eigen-decomposition is performed to calculate the correlation coefficients between the estimated target space-time steering vector and eigenvectors of the ICM of ROI. Different from the previous robust STAP method, the proposed method reconstructs the CJNCM to remove the influence of the target signal on the training samples, and estimates the space-time steering vector of the target without solving the convex optimization problem.
Main contributions of this paper include 1) In the complex electromagnetic environment where clutter broadening and jamming exist, current algorithms are difficult to obtain good clutter suppression and moving target detection performance. This paper proposes a new method via reconstructing the CJNCM and re-estimating target steering vector to obtain good performance; 2) Current algorithms do not fully exploit the clutter information when reconstructing the clutter covariance matrix, which results in the correlation coefficient between the reconstruction result and the ideal clutter covariance matrix is small. The proposed algorithm reconstructs the CJNCM in combination with the SCM and ICM and gets more accurate result; and it estimates the space-time steering vector with high accuracy through the subspace and clutter cancellation methods. The paper is organized as follows. Section II presents the signal model of STAP for side-looking airborne phased array radar. In Section III, a robust STAP method based on CJNCM reconstruction and target space-time steering vector estimation is proposed. Simulation results, which verifies the effectiveness and robustness of the method, are given in Section IV. Finally, Section V concludes this study. 
II. SIGNAL MODEL
Consider a narrow-band side-looking airborne phased array radar system. The array is a unitary linear array (ULA) with a small array element spacing. The array elements of both the transmitting and the receiving arrays are omnidirectional antennas. The number of receiving elements is M , and the number of pulses in the coherent processing interval is K . Fig.1 depicts the geometry of an airborne phased-array radar. The received echo signal consists of clutter, target signal, jamming and noise, and can be expressed by
N c denotes the number of clutter blocks, C f s,i , f d,i is the search steering vector of each clutter block. Vectors c (n) and s (n) are the samples of the clutter echo and the target echo signal at the n-th time, respectively. Frequencies f s,i and f d,i represent the spatial frequency and the normalized Doppler frequency of the i-th clutter block. The side-looking array radar clutter satisfies the following relationship
where d denotes the element interval, λ the echo signal wavelength, θ i the direction of arrival of each clutter block, v a the speed of the airborne platform, and f r the pulse repetition frequency. The true space-time steering vector of a target signal is S st0 = s s0 ⊗ s t0 , where ⊗ denotes the Kronecker product. The space steering vector can be expressed as
where θ 0 is the DOA of target, and (·) T denotes the transpose. Doppler steering vector can be expressed as
where v 0 is the velocity of target and n is a zero-mean Gaussian white noise with variance σ 2 n . The vector J θ jam , n denotes the jamming component, and the suppressed jammings are formed in a spatial angle θ jam . The sample covariance matrix (SCM) of the echo signal is obtained from the receiving sample data:
N denotes the number of snapshots and (·) H the complex conjugate transpose. The SCM can be decomposed aŝ
In (6), ρ is the target reflection coefficient and ξ i denotes the reflection coefficient of the i −th clutter block, which usually obeys the distribution of the amplitude of the clutter such as the Rayleigh distribution. The matrix R s is the signal covariance matrix, and R cjn the covariance matrix of clutter plus jamming plus noise.
In practical applications, the space-time steering vector mismatch of the target can be affected by a variety of factors, such as coherent or incoherent local scattering, the inaccurate estimation of the target angle information caused by imperfect array calibration and the dispersion effect of the complex electromagnetic environment. Doppler frequency estimation bias can be caused by inhomogeneous propagating media. Therefore, the presumed steering vector can be expressed as
where δ denotes the estimation error of space-time steering vector. Under the premise that the target space-time steering vector and the received data covariance matrix are known, STAP is represented by the MVDR criterion as the following constraint optimization problem:
The optimal weight vector can be obtained by 
III. ROBUST STAP METHOD BASED ON ALTERNATING PROJECTION AND CLUTTER CANCELLATION
This section describes the proposed robust STAP method, which improves the performance of clutter suppression and moving target detection. Conventional STAP methods suffer the adverse effect of jamming, clutter broadening, and space-time steering vector mismatch. Section III-A details the reconstruction of clutter plus jamming plus noise covariance matrix (CJNCM) to tackle the challenge of jamming and clutter broadening based on alternating projection. Section III-B describes the estimation of target space-time steering vector based on clutter cancellation method to deal with the spacetime steering vector mismatch.
A. CLUTTER, JAMMING PLUS NOISE COVARIANCE MATRIX RECONSTRUCTION BASED ON ALTERNATING PROJECTION
Reconstruction of CJNCM using the alternating projection method can be obtained as follows. First, the estimated information of the receiving sequence is used to detect the clutter and jamming and the integral covariance matrix (ICM) is integrated within the specific space-time region where the clutter or jamming is located. Then the alternating projection operator is constructed by combining ICM and sample covariance matrix (SCM). The method of this subsection is inspired by the literature [24] . A region of interest (ROI) is established on the space-time domain, and the region can be obtained as a priori information by estimation. Fig.2 shows the areas of ROI, region of clutter (ROC), and region of jamming (ROJ) in the space-time plane. The ROI includes the assumed position of the target, as denoted by the blue point, and the true target, denoted by the red point. The spatial frequency can be estimated in advance by the direction finding and the Doppler frequency of the target by the frequency estimation technique. The mismatch of the target steering vector makes the two positions at two different locations. ROC contains the clutter ridges and a certain range of clutter broadening. ROJ contains the suppressed interference of known angles. The ROI does not intersect with the other two regions.
Each space-time unit on the space-time plane is composed of different spatial frequency units and Doppler frequency units. Hence, CJNCM of each space-time unit can be modeled aŝ
s(f s , f d ) denotes echo signal steering vector of the spacetime region where clutter or jamming locates. σ 2 cj (f s , f d ) is the power of the space-time region where clutter or jamming locates. σ 2 n is the power of noise, and I MK is the identity matrix. Generally, the number of clutter plus jamming units, as well as their actual steering vectors and powers, are usually unknown. Moreover, the noise power is also unknown. Therefore, in order to reconstruct the CJNCMR cjn , the spatial spectrum distribution over all possible space-time units needs to be known. Based on this idea, the Capon spectrum estimator [ 
can be used to substitute the power of clutter or jamming σ 2 cj (f s , f d ). Therefore, the echo signal integral covariance matrix of the combined clutter region and jamming region can be expressed as
Since the Capon space-time power estimator(11) is used as the weighted factor in (12), the space-time noise power is suppressed as 1 MK of the actual one, and less noise components are included in matrix R CJ . The above integral covariance matrix R CJ can be expressed in a discrete summation form
is called the integral unit covariance matrix (IUCM). Performing the eigenvalue decomposition on r CJ (f s,m , f d,k ) yields The dominant eigenvectors corresponding to the first L largest eigenvalues constitute the dominant part of the IUCM, L can be defined as the smallest integer satisfying the following inequality [ 
where µ is a determinate constant satisfying 0 < µ ≤ 1. 
where α (m,k),B ∈ R L×1 represents the column vector consisting of linearly expressed coefficients, R denotes the real set. Similar to the expected signal steering vector, the steering vector of the clutter jamming of the (m, k) −th space-time unit is located in the clutter jamming signal subspace of the SCM [27] . The eigen-decomposition of the SCMR x can be expressed asR 
In (17), R cjs is the signal plus clutter plus jamming covariance matrix (SCJCM) and R n is the noise covariance matrix. eigenvalues arranged in a descending order. The vector u m is the eigenvector associated with the eigenvalue λ m . The number L is the dimension of the eigen-subspace occupied by the clutter, jamming, and signals. Matrix U cjs = [u 1 , · · · , u L ] is an MK ×L subspace matrix of clutter, jamming, and signal, whose column vectors span the subspace of clutter, jamming and signal. The matrix cjs = diag{λ 1 , · · · , λ L } is a diagonal matrix of dimension L × L, whose elements are eigenvalues belonging to the clutter, jamming and desired signals. Matrix U n = [u L+1 , · · · , u MK ] is the noise subspace matrix of the dimension MK × (MK − L), whose column vectors span the noise subspace. n = diag{λ L+1 , · · · , λ MK } is the diagonal matrix of dimension (MK − L)×(MK − L), whose elements are eigenvalues belonging to the noise subspace. Similarly, the steering vector of the clutter jamming of the (m, k) −th space-time unit can be linearly represented by the column vectors e i (i = 1, · · · , L) of the matrix U cjs composed of the dominant eigenvectors of the SCM, that is, [14] 
α U ∈ R L×1 represents a column vector of linearly expressed coefficients. Fig.3 shows that the proposed STAP method reconstructs the clutter covariance matrix from the clutter subspace in the IUCM as well as that in the SCM. In contrast, the method of [11] uses only the information of the IUCM subspace.
The steering vector of the clutter jamming signal of the (m, k) space-time unit can be estimated by determining a vector located at the intersection of the two sets (m,k),B ∩ U . According to the alternating projection algorithm [27] , the intersection of two sets can be obtained. The initial value of the alternating projection algorithm is a (m,k),1 = a f s,m , f d,k . The steering vector can be obtained iteratively by a (m,k),h+1 = P (m,k),B P U a (m,k),h (19) where P ( 
It follows from the eigenvalue decomposition theory [14] that, a (m,k),h+1 will converge eventually to the estimated value a (m,k),∞ ,the eigenvector corresponding to the eigenvalue 1. This result can be obtained by the eigenvalue decomposition of matrix P (m,k),B P U . It can be shown below [25] that the maximum eigenvalue of P (m,k),B P U is 1. 
The noise power of additive white Gaussian noise can be estimated by using the eigenvalues λ i (i = L + 1, · · · , MK ) belonging to the noise in the SCMR x , i.e.
According to the definition of R cjn , the CJNCM can be reconstructed as +σ 2 n I MK (25) As can be seen from the estimation process ofR cjn , this section uses two effective measures to improve the estimation accuracy of the covariance matrix. Firstly, the IUCM r CJ (f s,m , f d,k ) of the (m, k)-th space-time unit is estimated over a smaller space-time region ROC ∪ ROJ, so that the reconstructedR cjn covers the true steering vector of clutter or jamming of the (m, k)-th space-time unit as precise as possible. It improves the robustness against clutter broadening and contamination on receiving samples by target signal. Secondly, by using the alternating projection algorithm, the estimated steering vector of unit is projected onto the space, which is the intersection of the subspace of sum of clutter, jamming and signal of the SCMR x and that of IUCM. Besides getting rid of harmful component namely target signal, the alternating projection operator utilizes information of clutter and jamming more sufficiently. Therefore, the proposed method can effectively improve the estimation accuracy of CJNCM.
B. ESTIMATION OF TARGET SPACE-TIME STEERING VECTOR BASED ON CLUTTER CANCELLATION
The literature [11] proposed a method to estimate the target signal steering vector by using the prior knowledge about the ROI sector and the presumed spatial-temporal steering vector of target. However, the SCM constructed integral covariance matrix [11] still contains clutter component, which may cause adverse effects on re-estimation of the steering vector.
This subsection proposes a new clutter cancellation method to mitigate the effect of clutter on the estimation of steering vectors. The reconstructed CJNCM can be cancelled from SCM. The SCMR x can be substituted by (R x −R cjn ), then the dominant ingredients of ROI purely include the target signal. The integral covariance matrix R I of ROI is obtained by integrating IUCM in the region,
Eigen-decomposition of R I yields
where v I ,1 ≥ v I,2 ≥ . . . ≥ v I,MK denote the eigenvalues of R I arranged in descending order, d I,i (i = 1, · · · , MK ) are eigenvectors corresponding to the eigenvalues v I,i (i = 1, · · · , MK ). The true target signal steering vector is located on the signal subspace formed by the eigenvectors d I,1 of R I matrix. The correlation coefficient, between the eigenvector d I,1 corresponding to the largest eigenvalue v I,1 and the target steering vector, is the largest [14] . The norm constraint of the steering vector is taken into account, the steering vector can be expressed ass
Combining the reconstructed CJNCMR cjn and re-estimated target steering vectors(f s,0 , f d,0 ) to design a new robust adaptive beam weight vector yields
.
(29)
The integral covariance matrix R I is constructed on a smaller space-time region ROI, which makes the integral covariance matrix R I contain the true steering vector of the target signal. The cancellation of CJNCM from SCM makes dominant components of ROI include the target signal purely. The algorithm improves the robustness against the target signal steering vector mismatch. At the same time, the eigendecomposition of the constructed R I is carried out, and the eigenvector d I,1 corresponding to the largest eigenvalue v I,1 is taken as the estimation of the steering vector. Furthermore, the estimation accuracy of the steering vector is improved.
Throughout the above discussion, the proposed algorithm is summarized in Table 1 .
C. COMPLEXITY ANALYSIS
In the proposed algorithm, computational complexity involves with two components: CJNCM reconstruction and target steering vector re-estimation. In the following, the complexity is in terms of the number of floating point operations (FLOPs). Suppose that N s is the number of sampling points in the spatial domain. The complexity of CJNCM reconstruction is about O N s (MK ) 2 . Note that N s is much larger than the number of array elements M , i.e. N s M under the finite snapshots condition. Suppose that N d is the number of sampling points in the Doppler domain, the complexity of target steering vector re-estimation is about O N d (MK ) 2 . Note that N d is much larger than the number of pulses K , i.e. N d K under the finite snapshots condition. Therefore, the complexity of proposed algorithm is O max{N s (MK ) 2 , N d (MK ) 2 } .
IV. SIMULATION EXAMPLES
The previous sections theoretically analyze the performance advantages of the reconstruction algorithm based on alternating projection and clutter cancellation. This section uses several simulation experiments to verify its performance advantages. Simulation parameters are shown in Table 2 . The sidelooking ULA is allocated. The Doppler frequency of the clutter broadening is 45Hz. The angular range of ROI is from −42.6 • to −25.4 • and the doppler frequency range of ROI is from 100Hz to 1000Hz. The presumed target is in the center of ROI. The proposed alternating projection algorithm is compared with the loading factor sample matrix inversion method (LSMI) at the loading factor to noise ratio of 10dB, reconstruction-estimation algorithm [11] and the worst case performance optimization (WCPO) algorithm [17] with ε 0 = 0.1
√
MK . Performance evaluation criteria include the spacetime beampattern, the output signal-to-clutter-plus-jammingplus-noise ratio (SCJNR), and the SCJNR loss.
The correlation coefficient between CJNCM of the LSMI method and the ideal covariance matrix is 0.5951. The correlation coefficient between CJNCM of the proposed method and the ideal covariance matrix is 0.8830, and the correlation coefficient between CJNCM of the reconstruction-estimation method and the ideal covariance matrix is 0.8289.
The correlation coefficient between steering vector of the LSMI method and the real steering vector is 0.7466. The correlation coefficient between steering vector of the proposed method and the real steering vector is 0.8043, and the correlation coefficient between steering vector of reconstruction-estimation algorithm [11] and the real steering vector is 0.7797.
A. EXAMPLE 1: COMPARISON OF SPACE-TIME BEAMPATTERNS Fig.4 presents the space-time beampattern obtained by the simulation of the optimal case and four algorithms. The asterisk * represents the real position of the target on the space-time plane. With respect to suppressing clutter, there are notches on the diagonal lines of the all images, which indicates that all methods can suppress clutter effectively; as for suppressing jamming, the four images have deep notches near the spatial frequency of 0.7, which indicates that all four methods can suppress jamming. Different notches indicate the performance differences of suppressing clutter and jamming of four methods. The jamming suppressing notch of proposed alternating projection is wider and denser than the notches of LSMI method and reconstruction-estimation method, this manifests the jamming suppression performance of the proposed method is stronger. The clutter suppression notch of the proposed method is slightly shallower than that of LSMI, but deeper than that of reconstruction-estimation method. As for beamforming of the target, the mainlobe of the four methods covers the real target position. The proposed method has a mainlobe of a slightly lower peak power, but the beam of mainlobe is wider. Fig.5 demonstrates the spatial slice beampattern and the Doppler slice beampattern, which are the slices of the spacetime plane beampattern obtained by the optimal case and the four algorithms at the target Doppler frequency and the target spatial frequency respectively, used for comparing the performance details of these algorithms. In the spatial slice beampattern, the WCPO method has higher sidelobes. The sidelobes of proposed method are lower than that of the reconstruction-estimation method of [11] , and the clutter notches and jamming notches are wider and deeper than that of other methods. In the Doppler slice beampattern, the sidelobe of proposed method is lower than that of the reconstruction-estimation method of [11] , and the clutter notches are wider and deeper than that of other methods. The beampattern of target position of the proposed method is slightly lower than that of LSMI method and reconstructionestimation method, but the performance of clutter jamming suppression is much better than other methods. It is sufficient to explain that the proposed method is more capable of resisting bad conditions, i.e. the target space-time steering vector mismatch and clutter spectrum broadening. Fig.6 shows the effect of input SNR on the output SCJNR of related algorithms. It can be seen from the figure that the performance of all methods increases as the input SNR increases overall. Output SCJNR of LSMI method reduce at high SNR, because the algorithms suppress the strong target signal which is taken as clutter or jamming. As shown in [17] , the WCPO method uses the parameter ε 0 as the norm of error to correct the predicted steering vector on the same line. With the spatial dimension expanding to the two-dimensional space-time domain, steering vector corrected by WCPO is not necessarily closer to the accurate steering vector, and it is more likely that the two vectors are less similar. Because the true target vector does not match the mismatched steering vector due to the mismatch of angle and Doppler. So WCPO method performs worse than LSMI method at low SNR, but outperforms LSMI method at high SNR. The reconstructionestimation method outperforms the LSMI method and WCPO method, because its reconstructed CJNCM and target re-estimated steering vector are more accurate. The proposed algorithm performs better than other methods at all points of input SNR.
2) OUTPUT SCJNR VERSUS NUMBER OF SNAPSHOTS Fig.7-(a) shows the effect of the number of snapshots on the output SCJNR of related algorithms when the input SNR is 20dB. The performance of all methods increases as the number of snapshots increases. The performance of the proposed algorithm is nearest to optimal performance and can adapt to small number of snapshots. It can be observed that other methods have poor performance when the number of snapshots is small. The reason is that the number of snapshots is less than twice the space-time degrees of freedom, which would lead to a serious decline in STAP performance. The performance of WCPO is the poorest, and reconstruction-estimation outperforms LSMI method due to its preciser reconstructed CJNCM and re-estimated target steering vector. Fig.7-(b) shows the effect of the number of snapshots on the output SCJNR at the input SNR of 0dB. Performance of all methods is almost same as that of Fig.7-(a) . It can be seen from Fig.7 that performance of the proposed algorithm is closer to the optimal performance than other methods. steering error and Doppler steering error satisfy uniform distribution in the interval from negative radius to positive radius. The radius range of angle mismatch error is 0 • to 10 • and the radius range of the Doppler frequency mismatch error is 0Hz to 100Hz. At small radiuses, SCJNR curves of LSMI method and reconstruction-estimation method are close. However, LSMI method deteriorates as the steering error becomes larger, while reconstruction-estimation method is almost robust against change of steering error. WCPO method has poor performance at all points of steerring error, because it isn't adaptive to clutter spectrum broadening and jamming. The proposed method is robust against change of angle and Doppler frequency error, and performs better than the other methods. performs LSMI method. At high broadening Doppler frequencies of clutter, performance of LSMI method is better than that of reconstruction-estimation method. This indicates that the performance of the reconstruction-estimation method is more sensitive to clutter broadening. WCPO method has poor performance at all points of broadening Doppler. Performance of the proposed method is better than the other methods at all points of broadening Doppler, and it is closest to the optimal performance. Therefore, the proposed method is robust against change of broadening Doppler of clutter.
3) OUTPUT SCJNR VERSUS ERROR

4) OUTPUT SCJNR VERSUS BROADENING DOPPLER OF CLUTTER
C. EXAMPLE 3: SCJNR LOSS PERFORMANCE
The SCJNR loss is used to evaluate the detection performance of the STAP algorithm, which is defined as the ratio between the output SCJNR and the output SNR: where σ 2 s denotes the signal power, σ 2 n is the noise power, and w is the STAP weight vector. When the target Doppler approaches the clutter frequency point (clutter ridge line), the SCJNR loss is large. Therefore, the curve will form a notch near the clutter area. Moving targets below a certain speed will fall into this notch and cannot be detected. Hence, SCNR loss is a measure of the performance of moving target detection of STAP algorithm. The proposed method has a lower level of space-time sidelobe, deeper clutter notch and deeper jamming notch, so it can possess better SCJNR loss performance. Fig.10 shows the SCJNR loss of related algorithms at different Doppler frequencies in the case that there are three space-time units of the clutter spectrum broadening. In the high Doppler frequencies, the SCJNR loss performance of the proposed method is better than that of the reconstructionestimation method and the LSMI method. Near the zero Doppler frequency, the depth of notch of proposed method and that of the reconstruction-estimation method are almost equal, while the LSMI method has a slightly deeper notch than those two methods. WCPO method has wide notch near zero Doppler and poor performance at high Doppler. It can be concluded that the moving target detection performance of the proposed algorithm is the closest to the optimal case.
V. CONCLUSION
This paper has presented a STAP method to deal with the target space-time steering vector mismatch, clutter broadening and jamming. The proposed method is based on the alternating projection and clutter cancellation to reconstruct the CJNCM and to re-estimate the target steering vector. The reconstruction of CJNCM combines the SCM and ICM of ROC and ROJ. The estimated target vector is obtained by estimating the dominant eigen-vector of ICM of ROI. The space-time adaptive filtering weight vector is calculated by combining the reconstructed CJNCM and the re-estimated target steering vector through the MVDR method. Simulation results have demonstrated that the proposed algorithm has robust performance against the space-time steering vector mismatch, offers better output SNR performance and moving target detection performance.
